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Epstein-Barr virus nuclear antigen 2 (EBNA2) is a transcriptional activator involved in the immortalization
of B lymphocytes by the virus. EBNA2 is targeted to the promoters of its responsive genes, via interaction with
cellular DNA-binding proteins. Using chromatin immunoprecipitation assays, we show for the first time the
conditional recruitment of EBNA2 on two specific viral promoters in vivo and demonstrate a correlation be-
tween this recruitment and a local change in the acetylation of histones H3 and H4, which is promoter dependent.

Epstein-Barr virus (EBV) is a human herpesvirus associated
with several malignancies, including Burkitt’s lymphoma, na-
sopharyngeal carcinoma, Hodgkin’s disease, and various lym-
phoproliferations in immunosuppressed individuals. In vitro
infection of quiescent B lymphocytes by EBV, as well as ex-
plant culture of lymphocytes from seropositive individuals,
gives rise to continuously proliferating cell lines, lymphoblas-
toid cell lines (LCL), in which EBV persists as multiple episo-
mal copies. A limited set of viral proteins is expressed in these
cells, and six of them (EBNA1, EBNALP, EBNA2, EBNA3A,
EBNA3C, and LMP1) are required for the immortalization
process (for reviews, see references 15 and 22).

Among these, the nuclear protein EBNA2 transactivates the
expression of all the viral genes that are involved in the im-
mortalization process, as well as cellular genes such as CD21,
CD23, and c-fgr (for a review, see reference 31). EBNA2 does
not bind directly to DNA but is recruited to the promoter of
target genes through direct interaction with sequence-specific
DNA-binding proteins, such as the ubiquitous cellular factor
RBP-Jk (also called CBF1 or KBF2) (4, 7, 30, 37), a primary
nuclear effector of the Notch pathway (for a review, see refer-
ence 1). RBP-Jk is a transcription factor that binds the con-
served core sequence GTGGGAA and is involved in both gene
activation and repression, depending on the recruitment of
distinct corepressor and coactivator complexes (for a review,
see reference 16). RBP-Jk functions as a repressor by interfer-
ing with the interaction between TFIIA and TFIID (20) and by
recruiting histone deacetylase (HDAC) corepressor complexes
to the promoter. These corepressor complexes may include the
corepressor proteins SMRT and HDAC1 (12, 29); CIR,
SAP30, and HDAC?2 (8); and SKIP (36). Binding of EBNA2 to
RBP-Jk is believed to displace the corepressor complex from
RBP-Jk (12). EBNA2 also interacts, via its activation domain,
with several components of the RNA polymerase II transcrip-
tion complex (25, 27); with a coactivator called p100 (26, 35);
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and with the p300, CBP, and P/CAF histone acetyltransferase
coactivators (9, 32). In addition, EBNA2 targets the human
SWI-SNF chromatin-remodeling complex to specific promot-
ers by associating with the hSNF5/INI1 subunit of hNSWI/SNF
(33, 34). Thus, EBNA2 appears to act as an adapter molecule,
which targets various multiprotein complexes to specific pro-
moters, each of these complexes contributing to stimulate tran-
scription via a different mechanism. One of these mechanisms
could be the control of histone acetylation. The acetylation of
histones is believed to increase the accessibility of transcription
factors to nucleosomal DNA and correlates with transcrip-
tional activity in vivo (6, 24). EBNA2 may thus affect the local
level of histone acetylation, both by competing with the
HDAC-containing complex bound on RBP-Jk and by recruit-
ing proteins with histone acetylase activity, such as CBP/p300.

In order to assess whether the recruitment of EBNA2 onto
specific promoters correlates with a local change in histone
acetylation in the viral chromatin in vivo, we made chromatin
immunoprecipitation (ChIP) assays (21) using antibodies di-
rected against acetylated forms of histones H3 and H4. We
focused our analysis on two viral promoter regions from which
transcription is regulated by EBNA2: the Cp promoter, at
which the transcription of all of the EBNA genes is initiated,
and the bidirectional LMPp promoter, at which transcription
of both LMP1 and LMP2B genes is initiated. For both Cp and
LMPp, we quantified the amount of acetylated histones H3
and H4 along the promoter and flanking sequences, in the
absence or presence of functional EBNA2. For these experi-
ments, we used an LCL conditional for EBNA2, ER/EB2-5 (a
generous gift from B. Kempkes). In this cell line, the EBNA2
gene is deleted from the resident EBV genome, but EBNAZ2 is
expressed in frans from a mini-EBV plasmid as a chimeric
fusion protein with the hormone-binding domain of the estro-
gen receptor (ER) (14). The functions of the ER-EBNA2
fusion protein (transactivation of reporter gene expression
from LMP1, LMP2A, and LMP2B promoter constructs; ex-
pression of the cell surface markers CD21 and CD23; and
interaction with RBP-Jk) appear to be strictly dependent on
estrogen (B-estradiol) (13). Lymphoblastoid cells expressing
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ER-EBNAZ2 proliferate in the presence of estrogen, but stop
cycling in estrogen-depleted medium (14).

Approximately 10° ER/EB2-5 cells grown continuously in
the presence of 1 wM B-estradiol per ml or 108 ER/EB2-5 cells
maintained for 3 days in hormone-depleted medium were fixed
with 0.1 volume of 11% formaldehyde solution. Soluble chro-
matin (sheared by sonication to an average size of 500 bp) was
then prepared as described by Orlando et al. (21). The chro-
matin fragment preparation (1/20 of the initial preparation per
assay) was then mock immunoprecipitated or immunoprecipi-
tated with either 5 pl each of anti-acetylated histone H3 (Ac9/
14; reference 06-599; Upstate Biotechnology) or anti-acety-
lated histone H4 antibody (tetra Ac; reference 06-866; Upstate
Biotechnology) rabbit polyclonal antibody or 15 pl of anti-
EBNAZ2 monoclonal antibody (NCL-EBV-PE2; Novocastra) in
ChIP dilution buffer (0.1% sodium dodecyl sulfate [SDS], 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCI [pH 8.1], 150
mM NaCl) at 4°C overnight. Inmune complexes were recov-
ered by incubation at 4°C for 2 h with 40 pl of 50% (vol/vol)
protein G Sepharose, which had been preincubated with 100
g of sonicated herring sperm DNA and 1 mg of bovine serum
albumin per ml overnight. Precipitates were then successively
washed with the ChIP dilution buffer, a high-salt wash buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl
[pH 8.1], 500 mM NacCl), an LiCl wash buffer (0.25 M LiCl, 1%
NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCI [pH
8.1]), and (twice) Tris-EDTA (TE). Immune complexes were
eluted from the protein G Sepharose by incubation for 30 min
with 1% SDS-0.1 M NaHCOj elution buffer. The formalde-
hyde cross-links were then reversed by incubating the samples
at 65°C for 4 h, and the DNA was recovered after several
phenol-chloroform extractions and ethanol precipitated in the
presence of glycogen carrier. Aliquots of the input chromatin
were similarly treated. Pellets were resuspended in 100 pl of
TE, and the immunoprecipitated DNA was analyzed by quan-
titative PCR with a set of primer pairs that hybridize either
along the Cp promoter region or along the LMPp promoter
region (Table 1). For comparison, we also used a primer pair
that hybridizes in the Zp promoter of the viral gene BZLFI,
which is only expressed after reactivation of the viral produc-
tive cycle. PCRs were performed with aliquots of each immu-
noprecipitated sample, as well as various dilutions of the DNA
purified from the input chromatin, in order to generate a
standard curve in a linear range. [a->*P]dCTP (0.1 pCi) was
added to each PCR mixture, and the PCR products were
fractionated on 5% polyacrylamide gels. An example of the
data obtained is shown in Fig. 1, which summarizes the PCR
amplifications of DNA fragments from the LMP promoter,
following chromatin immunoprecipitation with the anti-
EBNA2 antibody. For each PCR, bands were subsequently
quantified with a Storm Phosphorlmager as detailed in the
legend to Fig. 1. The totality of the quantified results obtained
for the LMPp and Cp promoters is shown as graphs in Fig. 2
and 3, respectively.

ChIPs using the anti-EBNA2 antibody demonstrated a spe-
cific recruitment of EBNA2 on both the LMPp (Fig. 2B) and
the Cp (Fig. 3B) promoters but not on the Zp promoter.
Moreover, this recruitment was seen only with the chromatin
prepared from cells grown in the presence of B-estradiol, al-
though the ER-EBNA2 fusion protein had been shown to be
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TABLE 1. Sequences of primer sets used to amplify specific
sequences along the LMPp and Cp promoter
regions or in the Zp promoter

PCR ) ) Positions
Oligonucleotide sequences relative to +1

fragment of promoter”

LMPp promoter
L1

5'-TCATCAGTGTTGTCAGGGTCCTG-3' + 978, + 956
5'-TAACTCCAACGAGGGCAGACAC-3' + 857, + 868
L2 5'-CGTGGTGGTGTTCATCACTGTG-3' + 788, + 767
5'-TTGGAGATGCTCTGGCGACTTG-3' + 575, + 596
L3 5'-TACCAAGTAAGCACCCGAAGATG-3' + 478, + 456
5'-GAGTAAGTATTACACCCTTTGCCCC-3"  + 309, + 333
L4 5'-CCAGTCCAGTCACTCATAACGATG-3’ + 188, + 165
5'-CCTACATAAGCCTCTCACACTGCTC-3" 31, =8
L5 5'-AGCGGCGGTGTGTGTGTGC-3' -98, —121
5'-TCCAGCCTTGCCTCACCTGAAC-3’ —346, —330
Lo 5'-CAATCAGAAGGGGGAGTGCG-3' —265, —284
5'-ACAGCCTTGCCTCACCTGAAC-3' —405, —385
L7 5'-AGCAGCAGACGGCGGATATG-3' —467, —486
5'-CCTCCACTTTTTCCAGGAATGC-3' —617, =596
L8 5'-GCAATGGAGCGTGACGAAGG-3' —960, —979
5'-CTTTGTCAGGGTTGCCTGTGTC-3' —1079, —1058
Cp promoter
C1 5'-GGTATGGAGCGAAGGTTAGTGGTC-3'  —1604, —1581
5'-CATCCAAGGTAGCCCTTAAAGTCC-3’ —1384, —1407
C2 5'-GGTGAAAATCTAAAGACCCTACGGC-3" —1286, —1261
5'-AATGCACCCATCTCCTGCTTG-3’ —1074, —1053
C3 5'-CCCCCCTTTCGACTGTCATTTAC-3’ —1041, —1020
5'-CCACTTCTCTTCCCGTTAAGCTG-3’ —797, —819
C4 5'-TAGGCTGACAAGGGGACAAGTG-3' —664, —643
5'-AGAGTGGAATATGTGAGTGGACACG-3' —471, —449
Cs5 5'-GTGTCCCAATTAGAAACCCAAGC-3' —433, —411
5'-CCGCCAACAAGGTTCAATTTTC-3’ —266, —245
C6 5'-AACCTTGTTGGCGGGAGAAG-3’ —258, —239
5'-GGCGAATTAACTGAGCTTGCG-3’ —56, —32
Cc7 5'-CGTGTTCGATTTCGGGGTCAC-3' + 491, + 511
5'-AGGCATCTGAAGCCCAGTTTGG-3' + 700, + 679
Zp promoter
z 5'-CTTCAGCAAAGATAGCAAAGGTGG-3"  —38, —15
5'-TGGGCTGTCTATTTTTGACACCAG-3' —182, —205

“The position of the primers is indicated relative to the +1 position of
transcription of either the LMP1, EBNA, or BZLF1 gene, respectively.

present as well, albeit less abundant, in cells grown without
estrogen (14). These results confirm that the ER-EBNA2 pro-
tein is functional only in the presence of B-estradiol. Interest-
ingly, the percentages of immunoprecipitated chromatin de-
tected by PCR using primer pairs located along either the
LMPp or Cp promoter regions follow a Gaussian curve cen-
tered on the cis elements previously described as EBNA2-
responsive elements on these two promoters (2, 10, 18, 19, 28).
It should be noted that the amount of immunoprecipitated
chromatin, which contains LMPp promoter sequences, is ap-
proximately three times larger than the amount of immuno-
precipitated chromatin, which contains Cp promoter se-
quences. This could be explained by the different affinities of
EBNAZ for the protein complexes bound on the LMPp and Cp
promoters, respectively. Indeed, although both promoters con-
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FIG. 1. Specific recruitment of EBNA?2 onto its responsive element in the LMP promoter. (A) Schematic representation of the EBV genomic
region carrying the LMPp bidirectional promoter. Arrows indicate the starts of transcription. Binding sites for RBP-Jk and PU.1 are also indicated.
The positions of the PCR fragments (L2 to L8) used for the ChIP analysis of the LMPp promoter are shown underneath. (B) Primary PCR data
obtained from an anti-EBNA2 ChIP experiment. Chromatin fragments (cross-linked with formaldehyde) were prepared from ER/EB2-5 cells
cultivated in the presence of B-estradiol and then either immunoprecipitated with an anti-EBNA2 antibody («-E2) or mock-immunoprecipitated
(/). The coimmunoprecipitated DNA was PCR amplified with the various primer pairs (L2 to L8) listed in Table 1, in the presence of 0.1 nCi of
[«-*?P]dCTP. For quantification, various dilutions of DNA purified from the original chromatin preparation (input) were concomitantly PCR
amplified with the same primer pairs. The PCR-amplified fragments were then analyzed on 5% polyacrylamide gels and autoradiographed. The
bands were subsequently quantified with a Storm PhosphorImager. The amount of DNA amplified from the mock-immunoprecipitated chromatin
was systematically subtracted from the amount of DNA amplified from the specific immunoprecipitated chromatin, and the results are expressed
as a percentage of immunoprecipitated DNA relative to the quantity of DNA present before immunoprecipitation (input). The results of such a

quantification for the EBNA2 coimmunoprecipitated LMPp DNA fragments are presented in Fig. 2B.

tain RBP-Jk binding sequences and EBNA?2 is supposed to be
recruited to the DNA by RBP-Jk, transcriptional activation by
EBNAZ2 of reporter genes placed under the control of either
LMPp or Cp promoters has been shown to be largely depen-
dent on other cis-acting elements. In particular, a PU-1 binding
site in the LMPp promoter appears to be essential to EBNA2
transcriptional activation (11, 17, 23; unpublished data). Sim-
ilarly, a sequence adjacent to the RBP-Jk binding site, which
binds a factor initially called “CBF2” (19) but recently shown
to be AUF1/hnRNPD (3), is essential to EBNA2 transcrip-
tional activation of the Cp promoter.

In order to study the effect of EBNA2 recruitment on the
acetylation level of the surrounding chromatin, we used the
same set of primer pairs described above to compare the

amount of chromatin immunoprecipitated with anti-acetylated
histone H3 or H4 antibody under conditions in which cells
were grown in either the presence or absence of B-estradiol.
Interestingly, recruitment of EBNA2 onto DNA correlates
with a modification of the histone acetylation pattern at the
targeted promoter, and this modification appears to be depen-
dent on the promoter involved. Recruitment of EBNA2 onto
the LMPp promoter correlates with a specific increase in the
level of histone H3 acetylation (Fig. 2C). In the absence of
B-estradiol, the level of acetylation appears to vary along the
promoter, with a net decrease in the amount of acetylated
histone H3 detected, centered on the LMP1 TATA box. This
result is in agreement with a model in which repressing factors
like RBP-Jk, bound on the LMPp promoter, recruit protein
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FIG. 2. Recruitment of EBNA?2 onto the LMPp promoter in vivo correlates with a local increase in the acetylation of histone H3 but not histone
H4. (A) Schematic representation of the EBV genomic region carrying the LMPp bidirectional promoter. Arrows indicate the starts of
transcription. Binding sites for RBP-Jk and PU.1 are also indicated. The positions of the PCR fragments (L1 to L8) used for the ChIP analysis
of the LMPp promoter are shown underneath. (B) Chromatin from ER/EB2-5 cells cultivated in the presence of B-estradiol (dark gray) or left
3 days in the absence of estrogen (light gray) was fixed by formaldehyde treatment. Chromatin fragments (L1 to LS8 for the LMPp region and Z
for the control Zp promoter) were precipitated with an antibody specific for EBNA2. The amounts of coimmunoprecipitated DNA determined
by quantitative PCR are shown as a percentage of the respective input DNA. (C) Same as panel B except for the use of an antibody specific for
diacetylated histone H3 (Ac9/14). (D) Same as panel B except for the use of an antibody specific for tetraacetylated histone H4 (tetra Ac).

complexes with HDAC activity. In the presence of B-estradiol,
EBNAZ2 is recruited onto the promoter, and we observed the
most important increase in the level of histone H3 acetylation
(up to 2.4 times) also at the position of the LMP1 TATA box.
On the contrary, no significant difference in the level of H4

acetylation at the LMPp promoter between cells cultivated in
the presence or absence of B-estradiol was detected (Fig. 2D).
When similar experiments were carried out with the Cp pro-
moter, recruitment of EBNA2 correlated with only a very
slight increase in the level of histone H3 acetylation (Fig. 3C).
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FIG. 3. Recruitment of EBNA2 onto the Cp promoter in vivo correlates with a slight increase in the acetylation of histone H3 and a significant
and very localized increase in histone H4 acetylation. (A) Schematic representation of the EBV genomic region carrying the Cp promoter. Arrows
indicate the start of transcription. Binding sites for RBP-Jk and CBF-2 are also indicated. The positions of the PCR fragments (C1 to C8) used
for the ChIP analysis of the Cp promoter are shown underneath. (B) Chromatin from ER/EB2-5 cells cultivated in the presence of B-estradiol (dark
gray) or left for 3 days in the absence of estrogen (light gray) was fixed by formaldehyde treatment. Chromatin fragments (C1 to C7 for the Cp
region and Z for the control Zp promoter) were precipitated with an antibody specific for EBNA2. The amounts of coimmunoprecipitated DNA
determined by quantitative PCR are shown as a percentage of the respective input DNA. (C) Same as panel B except for the use of an antibody
specific for diacetylated histone H3 (Ac9/14). (D) Same as panel B except for the use of an antibody specific for tetraacetylated histone H4 (tetra Ac).

However, a significant (up to 2.6 times) and very local increase
in histone H4 acetylation centered on the region immediately
upstream of the EBNA2-responsive element was observed. In
order to ensure the specificity of our observations on the
LMPp and Cp promoters, we have also evaluated both the
recruitment of EBNA2 and the acetylation of histones H3

and H4 at the Zp promoter. As expected, no recruitment of
EBNA2 could be detected on the Zp promoter, and the level
of acetylation of histone H3 in the ER/EB2-5 cells grown in
either the presence or absence of B-estradiol was not affected.
However, the level of acetylation of histone H4 was twice as
high in cells grown in the absence of B-estradiol as in cells
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grown in the presence of B-estradiol. We have previously
shown that the BZLF1 gene is probably actively repressed
during latency, by a mechanism involving a specific and local
deacetylation of histones at the Zp promoter, following the
recruitment of class II HDACs by the MEF2D cellular protein
(5). It is thus possible that, because of the arrest of cell pro-
liferation when the ER/EB2-5 cells are maintained in the ab-
sence of B-estradiol, expression of some of the factors involved
in deacetylation at the Zp promoter is affected and the hy-
poacetylation at Zp is no longer effective.

The ChIP approach described in this paper has allowed us to
demonstrate for the first time in vivo the specific recruitment
of EBNA2 onto its target promoters in the context of the
viral chromatin. Furthermore, the precise localization of the
EBNAZ2 protein in the chromatin can be determined to within
a few 100 bp. From the experiments using antibodies to the
acetylated H3 or H4 histones, we can conclude that the re-
cruitment of EBNAZ2 to its target promoters correlates with an
increase in the level of histone H3 or H4 acetylation. The type
of modified histone involved and the extent of the modification
over the promoter region appear to be dependent on the target
promoter and are probably a consequence of the diversity of
both the protein complexes already present on the promoter in
the absence of EBNAZ2 and the protein complexes recruited by
EBNAZ2, which may also be influenced by the cellular proteins
present on the promoter. EBV chromatin appears to be a good
model with which to study in vivo the composition of the
various protein complexes recruited onto EBV promoters as
well as the epigenetic modifications of the viral chromatin
following recruitment of specific factors.
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